More than 40 human diseases are associated with fibrillar deposits of specific peptides or proteins in tissue. Amyloid fibrils, or their precursors, can be highly toxic to cells, suggesting their key role in disease pathogenesis. Proteins not associated with any disease are able to form oligomers and amyloid assemblies in vitro displaying structures and cytotoxicity comparable with those of aggregates of diseaserelated polypeptides. In isolated cells, such toxicity has been shown to result from increased membrane permeability with disruption of ion homeostasis and oxidative stress. Here we microinjected into the nucleus basalis magnocellularis of rat brains aggregates of an Src homology 3 domain and the N-terminal domain of the prokaryotic HypF, neither of which is associated with amyloid disease. Prefibrillar aggregates of both proteins, but not their mature fibrils or soluble monomers, impaired cholinergic neuron viability in a dose-dependent manner similar to that seen in cell cultures. Contrary to the situation with cultured cells, however, under our experimental conditions, cell stress in tissue is not followed by a comparable level of cell death, a result that is very likely to reflect the presence of protective mechanisms reducing aggregate toxicity. These findings support the hypothesis that neurodegenerative disorders result primarily from a generic cell dysfunction caused by early misfolded species in the aggregation process.
Introduction
The deposition of aggregates of peptides or proteins in specific organs or tissues is a key event in the pathogenesis of many degenerative diseases (Huff et al., 2003; Selkoe, 2003; Stefani and Dobson, 2003) . Such species, or their precursors, can be highly cytotoxic, suggesting that they could play crucial roles in disease pathogenesis (Conway et al., 2000; Goldberg and Lansbury, 2000; Nilsberth et al., 2001; Bucciantini et al., 2002) . In particular, disorders such as Alzheimer's disease and type II diabetes are characterized by the presence in the affected tissues of proteinaceous fibrillar deposits (Kelly, 1998; Merlini and Westermark, 2004; Selkoe, 2004) . Such fibrils and their precursors result from polypeptide chain misfolding, leading to the formation of ordered polymeric assemblies built around a core of ␤-sheet structure (Serpell et al., 2000; Tycko, 2004) .
Until recently, the ability to form amyloid structures was considered to be an unusual property of the polypeptide chains found in the deposits associated with the various amyloid diseases. However, an increasing number of proteins and peptides, even those with as few as four residues and amino acid homopolymers, have been shown to aggregate in vitro into fibrillar structures closely similar to those formed in amyloid disease (Guijarro et al., 1998; Chiti et al., 2001; Fändrich and Dobson, 2002 ) (for review, see Stefani and Dobson, 2003) . Experiments have also shown that these aggregates, particularly in their prefibrillar forms, can show a level of toxicity to cultured cells analogous to that of aggregates of disease-associated peptides and proteins (Bucciantini et al., 2002; Kranenburg et al., 2003; Sirangelo et al., 2004) . These toxic effects have been shown to result from perturbations to fundamental biochemical parameters of cells such as free Ca 2ϩ levels and redox status (Stefani and Dobson, 2003; Bucciantini et al., 2004) . Accordingly, it has been suggested that the ability to form amyloid fibrils is a generic property of polypeptide chains (summarized by Stefani and Dobson, 2003) and that cytotoxicity could be a common feature of the misfolded species that are the universal precursors to the fibrillar structures (Bucciantini et al., 2002; Kayed et al., 2003 Kayed et al., , 2004 Kranenburg et al., 2003) .
Toxic aggregates can overwhelm the intracellular defense machineries of isolated cells, including the unfolded protein response in the endoplasmic reticulum and the heat shock response in the cytosol (Goldberg, 2003; Sitia and Braakman, 2003) ; however, it is not yet clear whether they can also overcome the additional protective mechanisms that are present in higher organisms to maintain cell viability. These mechanisms include immune cells, macrophages, and the glia of the CNS, together with specific trophisms that are endogenous to specific tissues. The objective of our investigation was to compare the effects produced by different types of aggregates of different types of proteins to cells in tissue. To address this issue, we microinjected into the nucleus basalis magnocellularis (NBM) of rat brains prefibrillar or fibrillar aggregates of the N-terminal domain of HypF (HypF-N) or phosphatidylinositol-3-kinase Src homology 3 (PI 3 SH3), two proteins that are not associated with disease but whose aggregation behavior is very well characterized. After this treatment, we investigated the effects of the injected aggregates on microglia activation and neuronal viability with respect to control experiments involving injection of the native proteins. These data are also compared with the effects of either the same aggregates or fibrillar ␤-amyloid (A␤) on the viability of cultured cells (Fezoui et al., 2000) and with previously reported findings (Giovannini et al., 2002) of the effects of injecting into the same region of the brain comparable amounts of fibrillar aggregates of A␤ , the peptide associated with Alzheimer's disease.
Materials and Methods
Three-month-old (230 -250 g) male Wistar rats (Harlan Nossan, Correzzana, Italy) were used in all experiments reported here. The rats were housed in macrolon cages until surgery and maintained on a 12 h light/ dark cycle at 23°C. All animal manipulations were performed according to the European Community guidelines for animal care (DL 116/92) . The number of animals needed to obtain reliable data were kept to a minimum. No alternatives to in vivo techniques are available for this type of experiment at the present time.
HypF-N and PI 3 SH3 were purified and stimulated to aggregate as reported previously (Bucciantini et al., 2002) . Briefly, proteins were incubated for 48 h at 25°C and 0.3 mg/ml protein concentration (HypF-N) or 1 h at 30°C and 10.0 mg/ml (PI 3 SH3) at pH 5.5, in the presence of 30% (v/v) (HypF-N) or 25% (PI 3 SH3) trifluoroethanol. Under these conditions, only 4-to 8-nm-wide and 20-to 60-nm-short granular aggregates are visible in electron microscopic or atomic force microscopic images (Bucciantini et al., 2002; Relini et al., 2004) . Fibrils were grown for 1 month at 37°C and pH 2.0 (PI 3 SH3) or at 25°C and pH 5.5 (HypF-N). The presence of prefibrillar and fibrillar aggregates in the protein samples was checked by thioflavin T fluorescence and transmission electron microscopy (data not shown).
The sodium salt of Texas Red STP ester was obtained from Invitrogen (Carlsbad, CA). Antibodies were obtained from Chemicon (Temecula, CA) [anti-choline acetyltransferase (ChAT), polyclonal; anti-neuronalspecific nuclear protein (NeuN), monoclonal; and anti-nitrotyrosine, polyclonal] and from BD Biosciences PharMingen (San Diego, CA) [OX-6, anti-major histocompatibility complex II (MHC II) receptor, monoclonal]. Biotinylated secondary antibodies, diaminobenzidine, and the avidin-biotin-peroxidase complex were obtained from Vector Laboratories (Burlingame, CA).
Labeling and detection of HypF-N aggregates. HypF-N aggregates were labeled with Texas Red by adding slowly 10 ml of a 10 mg/ml Texas Red solution in DMSO to a solution containing 1.0 mg of prefibrillar or fibrillar aggregates dissolved in 0.1 ml of 0.1 M sodium bicarbonate buffer, pH 8.5. After 1 h incubation at room temperature with stirring, the reaction was quenched by adding 10 ml of 1.5 M hydroxylamine, pH 8.5. The medium was exchanged twice with PBS by using a Centricon filter (Millipore, Bedford, MA), and the aggregates were kept at a final protein concentration of 5.0 g/l. Sections of brains injected with the labeled aggregates were examined 24 h after injection using a Nikon (Tokyo, Japan) Plan Apo 60ϫ oil immersion objective. Texas Red fluorescence was detected after excitation at 568 nm. A series of optical sections (512 ϫ 512 pixels) 1.0 m in thickness was taken through the brains at 0.8 m intervals. Twenty optical sections for each sample were projected as single composite images by superimposition.
Injection of proteins into the NBM. Fibrillar or prefibrillar aggregates of HypF-N or PI 3 SH3 or the monomeric proteins were suspended in PBS at differing final concentrations (calculated as monomer protein concentration). The 1.0 l aliquots of protein solutions containing either native, prefibrillar, or fibrillar HypF-N were injected into the NBM of the basal forebrain of anesthetized (sodium pentobarbital, 45 mg/kg) rats using a Hamilton microsyringe, at the following stereotaxic coordinates (in mm): anteroposterior, Ϫ0.2; lateral, Ϫ2.8 from bregma; and H, 7.0 from dura (Paxinos and Watson, 1998) . PBS (1.0 l) was injected into the NBM of the contralateral hemisphere in controls. The injections lasted 3 min, and the microsyringe was left in the place for 5 min after completing the infusion. All subsequent investigation was performed in tissue taken 1 week after the injection. This was considered a reasonable time period to allow us to detect long-term effects of the injected aggregates in light of their likely persistence in tissue; in addition, this allowed us to compare directly the effects in our system with those reported previously by injecting A␤ 42 aggregates into the same region of the brain and under identical conditions (Giovannini et al., 2002) .
Immunohistochemistry and terminal deoxynucleotidyl transferasemediated biotinylated UTP nick end labeling staining. Rats under deep anesthesia were killed by transcardial perfusion with an ice-cold paraformaldehyde solution (4.0% v/v in phosphate buffer, pH 7.4) 7 d after the injections to allow quantitative analysis of their effects and comparison with the data obtained previously with injection into the same nucleus of the aggregated A␤ peptide (Giovannini et al., 2002) . The brains were dissected, postfixed for 4 h, cryoprotected in 18% sucrose solution, and stored at 4°C for at least 48 h. They were then frozen at Ϫ80°C for at least (Relini et al., 2004) ]. jected area into 30-m-thick coronal sections.
ChAT immunohistochemistry was performed on 30 m cryostat sections. Briefly, free-floating sections were incubated overnight at 4°C with the primary antibody at the optimized working dilution in 0.1 M PBS, pH 7.4, containing 0.3% Triton X-100 and 5.0 mg/ml BSA. On the second day, sections were incubated for 1 h with the secondary antibody dissolved in 0.1 mM PBS containing 1.0 mg/ml BSA; immunostaining was performed by the avidin-biotin system (Vectastain; Vector Laboratories, Burlingame, CA) and DAB plus nickel (DAB kit; Vector Laboratories) as the chromogen. DAB-stained slices were examined using an Olympus Optical (Tokyo, Japan) BX40 microscope, and pictures were taken using an Olympus Optical DP50 digital camera. Monoclonal OX-6 antibodies against MHC class II complex were used to detect activated microglial cells. A polyclonal anti-ChAT antibody was used to detect cholinergic neurons, whereas the total population of neurons was detected by a monoclonal anti-NeuN antibody.
Nitrotyrosine immunohistochemistry was performed on 30 m cryostat sections. Briefly, free-floating sections were incubated overnight at room temperature with the primary antibody (anti-nitrotyrosine polyclonal antibody) at the optimized working dilution in 1ϫ TBS, pH 7.6, containing 0.1% Tween 20 and 5.0 mg/ml BSA. On the second day, the sections were incubated for 1 h with the secondary antibody dissolved in TBS containing 1.0 mg/ml BSA; immunostaining was performed by means of the avidin-biotin system (Vectastain; Vector Laboratories) and DAB plus nickel (DAB kit; Vector Laboratories) as the chromogen. DAB-stained slices were examined using an Olympus Optical BX40 microscope, and pictures were taken using an Olympus Optical DP50 digital camera.
Acetylcholinesterase (AChE) histochemistry was performed on 30 m cryostat sections as reported previously (Brofman et al., 2000) . Briefly, free-floating sections were washed in PBS and incubated for 30 min at room temperature with 0.3% H 2 O 2 in 50 mM Tris-HCl buffer, pH 7.6, and then for 1 h in 65 mM sodium maleate buffer, pH 6.0, containing 0.05 mg/ml acetylthiocholine iodide, 0.1 mM tetra-isopropyl-pyrophosphatamide, 0.05 mM potassium ferricyanide, 0.3 mM CuSO 4 , and 0.5 mM sodium citrate. This was followed by a 10 min incubation in 50 mM Tris-HCl, pH 7.6, containing 0.3% ammonium nickel sulfate and 0.04% diaminobenzidine. Finally, the sections were incubated for 5 min in 0.03% H 2 O 2 (final concentration).
The terminal deoxynucleotidyl transferase (TdT)-mediated biotinylated UTP nick end labeling (TUNEL) assay was performed with the In Situ Cell Death Detection Kit POD (Roche, Mannheim, Germany), according to the instructions of the manufacturer. Briefly, the sections were washed twice with PBS for 15 min, incubated with 3.0% hydrogen peroxide in methanol for 20 min, and then washed with PBS. The sections were then incubated for 2.0 min on ice with a permeabilization solution (0.1% Triton X-100 and 0.1% sodium citrate) and washed with PBS. All of the sections were labeled with the TUNEL reaction mixture for 60 min at 37°C in a humidified atmosphere and in the dark. Negative controls were performed by omitting the enzyme (TdT) from the reaction mixture. Diaminobenzidine-stained sections were viewed under a light microscope.
Congo red staining. Congo red staining was performed on 30 m cryostat sections. Briefly, free-floating sections were washed in H 2 O and incubated in a 1% Congo red solution in H 2 O for 1 h at room temperature. At the end of incubation, the sections were directly passed into a solution of Li 2 CO 3 (1.5% in H 2 O) and incubated at room temperature for 2 min with gentle shaking. After an additional H 2 O wash, excess staining was removed by brief immersion in 80% ethanol, dehydrated, and coverslipped. Quantitative and statistical analysis. ChAT-and NeuN-positive cells were counted under a 10ϫ objective lens using a calibrated eyepiece grid. Five sections per animal, standardized in anteroposterior with respect to the injection site and spaced 50 -100 m from each other, were analyzed, and all NeuN-or ChAT-positive cells in the NBM were counted. The total numbers of ChAT-positive and NeuN-positive cells in the injected NBM were compared with those counted in the contralateral, PBSinjected hemisphere. OX-6 immunoreactivity was quantified in DABstained slices as follows: digitized images were transformed into TIFF files and analyzed using Scion for Windows (Scion, Frederick, MD). The gray background was then automatically subtracted from each image, and the area in pixels above the threshold was automatically measured using the same software. Care was taken to maintain the same gray threshold in the images from treated and control slices in each experiment. The area above the threshold in each case was calculated in pixels, and the data were analyzed using Prism 3.0 (GraphPad Software, San Diego, CA). Each experiment was repeated at least three times. Statistical analysis was performed with the same software by using the one-way ANOVA, followed by the Newman-Keuls multiple comparison test. The significance level was set at p ϭ 0.05. Activation was detected by MHC class II immunoreactivity imaged by light microscopy, using the monoclonal antibody OX-6, followed by staining with DAB, as described in Materials and Methods. A, Micrographs (10ϫ magnification) of representative regions of tissue slices 7 d after injection of PBS, 5000 ng of fibrillar aggregates, or 0.0002 or 5000 ng of HypF-N prefibrillar aggregates (top left to bottom right, respectively). B, Similar micrographs taken 7 d after injection of 5000 ng of fibrillar and 5000 ng of prefibrillar aggregates of PI 3 SH3. C, Quantification of microglia activation 7 d after the injections (5 sections per animal). Rats were injected with PBS, 5000 ng of native HypF-N, 5000 ng of fibrillar HypF-N, or with 5000, 500, and 0.0002 ng of prefibrillar HypF-N (n ϭ 6 for each type of injection). Data are reported as total OX-6-positive area in pixels of microglia activation after injection. Statistical analysis of the mean was performed using one-way ANOVA, followed by the Newman-Keuls multiple comparison test (F ϭ 16.13; p Ͻ 0.05). D, The same as in C but after the injection of PBS or 5000 ng of native, prefibrillar, or fibrillar PI 3 SH3. Statistical analysis of the mean was performed as in C. *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001 versus PBS. For details, see Materials and Methods. Scale bar, 60 m
Results
We first investigated whether the microinjected HypF-N aggregates could be detected in the basal forebrain NBM 24 h after the injection by using prefibrillar and fibrillar aggregates labeled with the fluorescent probe Texas Red. Figure 1 shows confocal microscopy images of the NBM from rats treated with 1.0 l of a PBS solution containing 5.0 g of the two types of labeled HypF-N aggregates, together with atomic force microscopy images (Relini et al., 2004) showing the nature of the injected material. In both cases, the fluorescently labeled aggregates are clearly visible in the images, although a higher level of fluorescence was observed in samples injected with the prefibrillar aggregates. This observation may be associated at least in part with a difference in labeling efficiency of the different types of the aggregates, but it is also consistent with the expectation of a greater tendency of the smaller prefibrillar aggregates to be internalized into cells . Whatever the origin of this difference, however, the results show that both types of aggregates remain in the tissue for sufficient lengths of time to induce substantial effects.
Immunohistochemical analysis performed after injection of aggregates of both PI 3 SH3 and HypF-N reveals the presence of a large number of intensely stained OX-6-immunopositive cells indicative of activated microglia. Therefore, the presence of the aggregates in the NBM induced an inflammatory reaction through the transformation of a significant fraction of microglia from a resting to an activated state at the injection site and along the needle tract (Fig. 2 A, B) . In particular, the presence of the prefibrillar forms of both proteins resulted in clusters of activated microglia near the injection site. Quantitative analysis of immunopositive areas indicates a significant increase (up to ϳ135% at 5.0 g) in OX-6 immunoreactivity in tissue injected with prefibrillar aggregates when compared with those injected with PBS, the native proteins, or their fibrillar aggregates (Fig. 2C,D) . In the tissue injected with HypF-N, the extent of microglia activation is clearly sensitive to the presence of prefibrillar aggregates because it reaches a plateau value at doses of injected prefibrillar aggregates as low as 0.01 ng. No activation was evident when 0.0002 ng of material was injected, however, resulting in a marked dose dependence in the 0.1-10 pg interval (Fig. 2C) . A similar pattern of behavior was found after (Bucciantini et al., 2002) , A␤ 40 (filled squares), or A␤ 42 (filled circles) peptides (Fezoui et al., 2000) are also reported.
injection of 5.0 g of native, prefibrillar, or fibrillar PI 3 SH3. In particular, a significantly higher level of microglia activation was again found when prefibrillar aggregates were injected relative to that resulting from injection of buffer solution alone or the native protein (Fig. 2 D, bottom) . Some activation of microglia by preparations of fibrillar aggregates was also observed for PI 3 SH3, a finding that agrees with previously reported data resulting from the injection of fibrillar A␤ 1-42 into the same region of the brain (Giovannelli et al., 1998; Giovannini et al., 2002) .
The change in the number of ChAT-positive neurons is a measure of the degree of neuronal stress produced by an insult to cholinergic tissue (Giovannelli et al., 1998; Giovannini et al., 2002) . We therefore investigated the effects of the various injections into the NBM on the number of ChAT-positive neurons projecting into the cortex. Measurements were made 7 d after injection of 5.0 g of native HypF-N, of the same quantity of protein in the form of fibrillar aggregates and of varying amounts (10.0 pg to 5.0 g) of its prefibrillar aggregates. Tissue sections taken 7 d after injection with prefibrillar or fibrillar HypF-N or SH3 showed no detectable fluorescence on staining with Congo red; we do not know whether this results from the clearance or internalization into the cells of the injected material or from limitations in the assay performed under the conditions used in the present study. We can be confident, however, that the observations reported here result at least in part, and probably predominantly, from the effects of the initial insult after injection.
In all samples, high staining intensity in the magnocellular neurons shows that ChAT immunoreactivity is present in this region of the brain (Fig. 3A) . However, the number of ChATpositive neurons was markedly reduced in a dose-dependent manner (up to 77% with respect to controls near to the injection site) only in the sections from tissue injected with prefibrillar aggregates (Fig. 3C) . In contrast, injection of the soluble protein did not reduce significantly the number of ChAT-positive neurons relative to those in the NBM of the contralateral hemisphere injected with PBS (Fig. 3C) . Similar results were obtained in a second set of experiments performed by injecting 5.0 g of native, fibrillar, or prefibrillar PI 3 SH3 into the NBM (Fig. 3B) . A marked reduction of the number of ChAT-positive neurons was again seen with the prefibrillar aggregates (Fig. 3D) . The close similarity between the effects of the injection of aggregates of PI 3 SH3 and of HypF-N again suggests that cell dysfunction associated with the presence of early amyloid aggregates is the result of a common, perhaps generic, mechanism. The microscopic analysis of the immunostaining reaction with nitrotyrosine antibody did not reveal a significant increase in oxidative stress in the NMB injected compared with the contralateral hemisphere (data not shown). In addition, the cholinergic innervation around the site of injection was revealed by immunostaining for AChE, a general marker for cholinergic fibers. It is clear that cell staining was reduced in the nuclei injected with prefibrillar proteins with respect to the nuclei injected with PBS or with the same proteins in their fibrillar forms (Fig. 4) . The lower AChE immunopositivity in the nuclei injected with prefibrillar aggregates agrees with their lower ChAT immunopositivity.
The data on cell dysfunction reported in Figure 3C were plotted to show the relationship between the number of ChATpositive neurons and the concentration of injected prefibrillar HypF-N and in Figure 3E are compared with previous doseresponse data obtained after exposure of cultured cells to differing concentrations of prefibrillar HypF-N (Bucciantini et al., 2002) or fibrillar A␤ 40/42 associated with Alzheimer's disease (Fezoui et al., 2000) . Although a quantitative comparison of these two sets of experiments in different systems is not possible, it is clear that these plots show marked similarities to each other. This observation suggests that the toxic effects observed in the present study are likely to arise directly from the interaction of the aggregates with cholinergic neuronal cells rather than from indirect effects such as glia activation. From the data shown in Figure 3C , an IC 50 value of ϳ1.0 ng and a lower limit for the toxicity of injected HypF-N prefibrillar aggregates of ϳ0.1 ng can be estimated for the conditions used here. This analysis also shows that the concentration range in which the toxicity associated with the prefibrillar aggregates is dose-dependent (0.1-500 ng) is higher than that giving rise to activation of the microglia (0.1-10 pg) (Fig. 2) . This finding, together with the evident dose dependence of cholinergic neuron dysfunction, supports further the idea that the latter results specifically from the presence of the prefibrillar aggregates rather than being merely a consequence of the inflammatory reaction associated with microglia activation.
The total number of neuronal cells in the NBM sections was determined by quantifying the number of cells that stained with an antibody specific to NeuN, a typical neuronal marker, 7 d after injection of 5.0 g of HypF-N aggregates (Fig. 5A) . The number of neurons was decreased by 31 Ϯ 3.5% ( p Ͻ 0.01) and 27 Ϯ 5.5% ( p Ͻ 0.01) with respect to saline-injected controls when prefibrillar or fibrillar aggregates were injected, respectively. Such a decrease, although statistically highly significant, is much lower than the corresponding loss of ChAT immunoreactivity. We also determined the number of neurons that had undergone apoptosis in the injected areas of the NBM 7 d after exposure to the various aggregates using a TUNEL assay (Fig. 5B) . Moderately higher numbers of TUNEL-positive cells were present in the samples taken from rats injected with 5.0 g of prefibrillar HypF-N or PI 3 SH3 than from rats injected with 5.0 g of fibrillar PI 3 SH3 or with 10 ng of prefibrillar HypF-N. The reduced number of apoptotic cells did not allowed us to perform a detailed quantitative analysis of cell death; however, it must be noted that, in the injected tissue, the increase in the number of apoptotic neurons was much less evident than the decrease in ChAT immunoreactivity shown in Figure 3 . Finally, oxidative stress was not evident in the neurons near the injected area, as determined by immunoassaying the presence of nitrotyrosine (data not shown). These observations suggest that cholinergic (and possibly other) neurons in the NBM are indeed stressed by the injected aggregates, as revealed by the strongly reduced expression of ChAT, but a single injection is not sufficient to reduce by the same extent the total number of neurons. Our data agree with previously reported findings indicating that, in rats injected with a single dose of A␤ 42 peptide aggregates, at 6 months after surgery, the aggregates had become essentially amorphous in character and ChAT immunoreactivity had recovered completely (Giovannelli et al., 1998) .
Discussion
In previous studies, we have shown that prefibrillar aggregates of HypF-N and PI 3 SH3 can be highly toxic to cultured neuronal and fibroblast cells even at low levels (2.0 M) (Bucciantini et al., 2002 . The present findings show that the prefibrillar aggregates result in cell dysfunction also when they are microinjected into rat brains. Interestingly, the low levels of toxicity found with the fibrillar species could easily arise from tiny amounts of prefibrillar aggregates present in the samples either as residual material or produced from partial dissociation of the monomers from fibrils (Carulla et al., 2005) . The reduction of ChAT-positive neurons in the NBM injected with 5.0 g of fibrillar HypF-N is, for example, comparable with that found with 0.10 ng of prefibrillar HypF-N (Fig. 3C) ; it would be surprising if such a small quantity of prefibrillar species were not to be present in the injected fibrillar samples. The data reported here also indicate that microinjection of both PI 3 SH3 and HypF-N prefibrillar aggregates into the NBM results in a much higher level of neuronal stress than that produced by comparable amounts of A␤ 1-42 fibrillar aggregates (Giovannelli et al., 1998; Giovannini et al., 2002) . The injection of 5.0 g of fibrillar A␤ 1-42 resulted in a reduction of the number of ChAT-positive neurons by ϳ40% with respect to the PBS-injected NBM in the contralateral hemisphere (Giovannini et al., 2002) . We found a similar reduction when quantities of prefibrillar HypF-N in the 0.10 -1.0 ng range were injected into the NBM, whereas the loss of ChAT-positive neurons after injection with 5.0 g of prefibrillar HypF-N or PI 3 SH3 was ϳ77 and 60%, respectively. However, our data do not exclude the recently proposed idea (Wogulis et al., 2005) that at least some of the toxicity could be caused by the nucleationdependent polymerization of residual monomeric protein present in the samples of prefibrillar aggregates injected into the NBM in the time period preceding that at which measurements are made.
Our findings indicate that a noncontinuous exposure to toxic aggregates may stress cholinergic neurons without severe cellular impairment (as shown by the apparent lack of significant oxida- tive stress) or extensive cell death, contrary to what happens with cultured cells. This result agrees with previous data from experiments in which A␤ fibrils (Giovannini et al., 2002) or oligomers (Cleary et al., 2005) were injected into rat brains. Although it was beyond the scope of the present study to follow the fate of the aggregates themselves after injection, it is likely that the toxic species will be converted into other forms of aggregates or cleared by the protective mechanisms present in living systems (Stefani and Dobson, 2003) and hence that more severe cell damage will result from repeated or continuous exposure to toxic aggregates. A possible explanation of the different behavior of cultured and tissue cells can be the presence in cerebral tissue of glia cells as well as other protective mechanisms favoring the suppression of the toxicity of the aggregates, their clearance, or their structural modification into less toxic species. The latter idea is supported by recent data showing that PI 3 SH3 fibrils are in dynamic equilibrium with the monomers with a recycling half-time of 2-20 d (Carulla et al., 2005) .
Recently, homogeneous preparations of small spherical aggregates of A␤ 1-40 and A␤ have been reported to induce neurodegeneration in primary cultures of cholinergic neurons at concentrations as low as 0.35 nM for A␤ 1-42 (100 times higher for A␤ 1-40 ) (Hoshi et al., 2003) . These concentrations are not much lower than the lowest level (10 nM) of injected HypF-N prefibrillar aggregates that we found to result in cell dysfunction in our experiments. A␤ peptide oligomers have been identified in the frontal cortex of victims of Alzheimer's disease at much higher levels than in age-matched healthy subjects (Gong et al., 2003) ; a specific A␤ 42 oligomeric assembly has also been found in brains of Tg2576 mice expressing an amyloid precursor protein variant linked to a familial form of Alzheimer's disease (Lesné et al., 2006) . Finally, a recent report shows that natural oligomers of A␤ peptides injected into the lateral ventricle of rat brains are able to affect specifically and reversibly cognitive function (Cleary et al., 2005) . Our results, therefore, suggest that the early aggregates of proteins not associated with neurodegenerative diseases are able to stress neuronal cells similarly to oligomeric aggregates of the A␤ peptides associated with Alzheimer's disease. These findings extend considerably a variety of previous observations that small aggregates of peptides and proteins, whether associated with amyloid disease or not, display much higher toxicity to cells in culture than do mature fibrils (Conway et al., 2000; Nilsberth et al., 2001; Bucciantini et al., 2002; Walsh et al., 2002; Kayed et al., 2003; Kranenburg et al., 2003; Sirangelo et al., 2004; Walsh and Selkoe, 2006) . Because recent experiments have shown that most, perhaps all, polypeptides can form amyloid aggregates under suitable conditions (Guijarro et al., 1998; Chiti et al., 2001; Fändrich and Dobson, 2002 ) (for review, see Dobson, 2003) , we suggest that the generic ability to convert into a misfolded and aggregationprone state gives any peptide or protein the potential to transform from a normal functional state into one that can inflict significant, possibly fatal, damage to the living organism in which it is present. Given that such species must be continuously generated during the folding and unfolding of proteins, the results also reveal the remarkable efficiency of the multiple mechanisms that normally protect cells against such species. They also provide evidence to support the hypothesis (for review, see Dobson, 2003; Stefani and Dobson, 2003) that the gradual impairment of such mechanisms in old age could be a primary feature in the onset and development of a range of disorders, including many of the most highly debilitating neurodegenerative diseases.
